Cellular and nuclear uptake of tri-iodothyronine (T3) and thyroxine (T4) was examined using the cultured cell line derived from rat liver, clone 9, and rat hepatoma, 
Introduction
Thyroid hormones, which are secreted from thyroid follicular cells, are mainly L-thyroxine (T4) and 3,5,3'-triiodo-L-thyronine (T3). They influence total energy ex¬ penditure (Ingbar 1985) , turnover of many substrates, growth and maturation of tissues, and the proliferation of cells. T3 has about a tenfold more potent biological activity than T4 (Samuels 1983) . Both hormones enter the cells before being metabolized through glucuronidation, sulfation and deiodination, or being further transported to cell nuclei to exert biological activity. These hormones enter the cells through an energy-dependent, saturable process (Krenning et al. 1978 , Eckel et al. 1979 or by passive diffusion (Blondeau et al. 1988) . Recent evidence supports the idea that energy-dependent cellular uptake is important for metabolism of the hormones (Hennemann et al. 1986 ) and is also rate-limiting in nuclear entry (Halpern & Hinkle 1982) . Kinetic analysis revealed dif¬ ferences in the uptake process between T3 and T4 in rat liver (Docter & Krenning 1990) , whereas T3 and T4 may share the same transporter in the rat anterior pituitary gland (Everts et al. 1994 ). We (Ichikawa et al. 1992 ) and others (Oppenheimer & Schwartz 1985) have reported the presence of a distinct nuclear T3 uptake process, which generates a nuclear/cytoplasmic free T3 concentration gradient of 58-2 in rat liver. We also found that T3-cytoplasmic thyroid hormone-binding protein (CTBP) complexes bound to nuclei and that this activity was regulated by NADPH, NADP and the sulfhydryl groups in vitro (Hashizume et al. 1989a,b,c) . These results sug¬ gested that, among the various pathways involved in the nuclear entry of T3 , CTBP may play a role in the nuclear transport of T3 and regulate the nuclear entry of T3 depending upon cellular metabolism. Nothing, on the other hand, is known about the nuclear entry of T4. In the present study, we compared T3 and T4 transport into cells and cell nuclei during the various phases of the cell cycle or after treatment of the cells with sodium butyrate. We found that they affected the cellular transport of T3 and T4 in different ways and concluded that the mechanisms of cellular transport of T3 are different from those of T4.
Materials and Methods
Cultured rat hepatoma cells, dRLH-84 (Tanaka et (Krishnan 1975) (Barfod 1977) .
Thyroid hormone uptake study The cellular and nuclear thyroid hormone uptake study was performed as described previously (Ichikawa et al. 1992 plastic Petri dishes with 2 ml serum-free media. I-T3 (14-4 pM) or T4 (40-0 pM) with or without 50 µ of the respective unlabeled hormone was used. After 2 or 10 min of incubation, the cells were immediately cooled on ice and washed twice with ice-cold PBS. Subsequent procedures were performed at 0-4°C. After aspirating the PBS, cells were lysed by a 10-min incubation with 2 ml 0-25 µ sucrose, 1 mM MgCl2 and 20 mM Tris-Cl, pH 7-4 (SMT solution) containing 0-5% Triton X-100. The cell lysate from one dish was divided into two 0-8 ml aliquots in glass tubes. The radioactivity of one aliquot was measured for the determination of whole cell thyroid hormone uptake. The other one was centrifuged at 1500f or 10 min at 4°C. The resultant nuclear pellet was washed twice with SMT and the radioactivity of the nuclear pellet was measured for nuclear thyroid hormone uptake determinations. Uptake of " I-labeled hormones in the absence and presence ot 50 µ unlabeled hormones is referred to as total uptake and non-specific uptake respectively. Specific uptake was calculated by subtracting non-specific uptake from total uptake. After the determination of the radioactivity in the nuclear pellet, sucrose was removed by two washes with ice-cold PBS, followed by two washes with ice-cold 0-4 m perchloric (Table la) . Changes in initial nuclear T3 and T4 uptake during the cell cycle were in parallel with changes in cellular uptake (Table lb) . When the amount of nuclear T3 was measured after nuclear T3 reached an equilibrium with extracellular T3, nuclear T3 was most abundant in the S phase (Fig. 2) (Fig. 3a) . The same treatment, however, caused a different effect on cellular T4 transport (Fig. 3b) were statistically significant at concentrations above 1 niM for whole cell uptake and at concentrations above 5 mM for nuclear uptake (a multiple comparisons test after one-way ANOVA). support the presence of low and high Km cellular T3 uptake systems as reported by Krenning et al. (1978) . The present data show that the increase in cellular T3 uptake at the S phase was due to the increased Vmax values without changes in the K^^v alues in both low and high Km T3 uptake systems. Consequently, the level of nuclear T3 at equilibrium was highest in the S phase, although the nuclear T3 occupancy seemed to be unchanged because of increased numbers of total nuclear T3-binding sites. The cell cycle-dependent alteration of the uptake was specific to T3, as T4 uptake was constant throughout the cell cycle. Since T3 is the active thyroid hormone and nuclear T3 derives from extracellular T3 in hepatocytes, these data (Everts et al. 1994 ). Such discrepancies may be due to the differences in cell type. Present results clearly show the differences in cellular uptake mechanisms between T3 and T4, and these two uptake systems are differentially regulated. In the present study, we further demon¬ strated that nuclear transport of T4 is distinct from that of T3. Marked differences were found in nuclear thyroid hormone uptake after treatment with sodium butyrate. Nuclear T3 uptake was increased after sodium butyrate treatment as was cellular T3 uptake, whereas nuclear T4 uptake was decreased despite increased cellular T4 uptake. Although we did not verify that nuclear radioactivity was T4 in T4-uptake studies, we assume that it was T4 because of the following reasons. If the nuclear radioactivity came from T3 that was contaminating radioactive T4 tracer, nuclear radioactivity should increase after sodium butyrate treatment; this is the opposite to what was actually observed. Another possibility is that nuclear radioactive T3 came from deoiodination of radioactive T4 within the cell.
Nuclear T3 derives from extracellular T3 in hepatic cells and T3 generated from T4 within the cells does not go directly into the nucleus. This possibility is therefore unlikely for the same reason as that mentioned above. In addition, the 10-min incubation time is too short for this to take place. We therefore consider that nuclear radio¬ activity in the T4-uptake study is T4. In any case, these data indicate that nuclear transfer mechanisms are different between these two hormones. Recent evidence suggests that carrier-mediated cellular thyroid hormone uptake is important for nuclear entry (Halpern & 
